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Abstract. I review the effects of charge symmetry breaking CSB on electromagnetic form factors and how that influences
extraction of information regarding nucleon strangeness content and the weak mixing angle. It seems that CSB effects are
very modest and should not impact the analysis of experiments.
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INTRODUCTION
Charge symmetry CS is invariance under an isospin rotation of pi about the y-axis in isospin space. Thus a u quark
is rotated into a d quark. CS is broken slightly by the light-quark mass difference and by electromagnetic effects.
Isospin invariance, or [H,Ti] = 0 is invariance under all rotations in isospin space. This invariance is also called charge
independence, CI. Charge symmetry does not imply isospin invariance. Diverse aspects of charge symmetry and its
breaking have been reviewed [1]-[4].
For example, the mass difference between charged and neutral pions breaks isospin invariance but not charge
symmetry. Another example is the difference between the np and nn scattering lengths. This difference does not
involve isospin mixing between T = 0 and T = 1 states.
In general the size of CSB effects is much smaller than the breaking of isospin invariance, CIB. The scale of CSB
is typified by the ratio of the neutron-proton mass difference to the proton mass which is about one part in 1000. This
is much smaller than the pion mass difference effect which is one part in 27. The CIB of nucleon-nucleon scattering
lengths was discovered well before 1965 but the measurement of their CSB of had to wait until about 1979. Thus the
expectation is that CSB is a small effect, uncovered only with special effort. The small relative size of CSB effects
compared with those of CIB is a consistent with the power counting of of chiral perturbation theory [5].
PARITY VIOLATING ELECTRON SCATTERING, STRANGENESS
ELECTROMAGNETIC NUCLEON FORM FACTORS AND CHARGE SYMMETRY
BREAKING
Understanding parity-violating electron scattering requires knowledge of weak neutral form factors. These are sensitive
to nucleon strangeness content and the value of the weak mixing angle. The latest review is that of Armstrong &
McKeown [6] who conclude that a convincing signal for nucleon strangeness has not been seen.
The nucleon Dirac F1 and Pauli F2 electromagnetic form factors can be composed according to their quark content:
Fγ1,2 =
2
3
Fu1,2−
1
3
Fd1 −
1
3
Fs1,2. (1)
If one considers the elastic interaction of the Z-boson with the proton and uses charge symmetry (u in proton = d in
neutron, d in proton = u in neutron) to relate FZ1,2 to measured form factors one finds
GZ,pE,M = (1−4sin2 θW )Gγ,pE,M−Gγ,nE,M−GsE,M, (2)
if the result is expressed in terms of Sachs form factors.
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FIGURE 1. (Color Online) The change in electric δGE and magnetic δGM form factors due to the effects of CSB [7] . The three
non-relativistic models are defined by the fraction (0.8 (blue), 0.67 (red) , 0.33( green)) that one gluon exchange contributes to of
∆N Splitting. The computed value of Mn−Mp is the same in each model.
Including the effect of CSB changes the above equations. The matrix element of the Z-boson nucleon interaction
can be written
Zµ =
〈
p(~p ′)
∣∣(1− 8
3
sin2 θW ) juµ +(−1+
4
3
sin2 θW )( jdµ + j
s
µ)
∣∣ p(~p)〉 (3)
We need to relate
〈
p(~p ′)
∣∣ ju,dµ ∣∣ p(~p)〉 to measured form factors. To do this we decompose the physical nucleon wave
functions into pieces that respect CS and those that do not. Thus we write∣∣ p(~p)〉=∣∣ p0(~p)〉+∣∣∆p(~p)〉, ∣∣n(~p)〉=∣∣n0(~p)〉+∣∣∆n(~p)〉, (4)
where
∣∣∆p(~p)〉, ∣∣∆n(~p)〉, is caused by the CSB part of the Hamiltonian: ∆H ≡ [H,Pcs]. Then
GZ,pE,M =(1−4sin2 θW )Gγ,pE,M−Gγ,nE,M−GsE,M+
〈
p0(~p ′)
∣∣ 2
3
jdµ−
1
3
juµ
∣∣∆p(~p)〉E,M+〈∆p(~p ′)∣∣ 23 jdµ− 13 juµ ∣∣p0(~p)〉E,M (5)
where the subscript E,M refers to taking the matrix element that leads to the electric or magnetic form factor. Our
interest here is in the size and uncertainty in our knowledge of the last two terms on the right-hand side of Eq. (5).
Experimentalists currently believe that the uncertainty attached to charge symmetry is now limiting the ability to
push further on the strange form factors. We want to learn if uncertainty in CS and its breaking really limits the ability
to push further.
MY 1998 PAPER
I studied the CSB of electromagnetic form factors in [7]. Using a set of SU(6) non-relativistic quark models, the effects
of the charge symmetry breaking Hamiltonian were considered for experimentally relevant values of the momentum
transfer and found to be less than about 1%. The percentage is relative to the values of GE,M . The size of current
experimental error bars, typified by a magnitude of about 0.01 is more relevant.
CSB induces changes of proton electromagnetic form factors δGE,M . The use of perturbation theory gives
δGE(Q2 =~q 2) =
〈
p0
∣∣ 3∑
i=1
(
1
3
+ τ3(i)
)
ei~q·~r
Λ
Mp−H0 2∆H
∣∣p0〉, (6)
δGM(Q2 =~q 2) =
〈
p0
∣∣ 3∑
i=1
σ3(i)
2mq
ei~q·~r
Λ
Mp−H0 2∆H
∣∣p0〉. (7)
to first-order in CSB effects. Our ∆H was derived by using the light quark mass difference md −mu in the kinetic
energy and one gluon exchange operators, and the effects of one photon exchange. The operator Λ projects out of
ground state. Thus if~q=0, δGE,M(0) = 0 because of orthogonality and because the operator ∆H does not excite the ∆.
Therefore, in this approach, the effects of CSB must be ignorable if Q2 takes on small values. This is shown in Fig. 1.
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FIG. 1: One-pion-loop diagrams. Full/dashed/wiggly lines
denote nucleons/pions/vector currents, respectively. The
filled circles in diagrams (d) and (e) represent the magnetic
couplings from L(2)piNγ∗ . The crossed diagrams of (c) and (e)
are not depicted separately. Mass insertions on the nucleon
propagator lines, yielding the physical proton and neutron
masses, are not explicitly shown.
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FIG. 2: A pair of two-loop diagrams. The closed wiggly lines
denote virtual photons. The sum of both contributions to the
magnetic form factor drops out.
without mass corrections, therefore leading loop contri-
butions are also of order p4. This means that, while a
prediction of the isospin violating magnetic moments is
hampered by the a priori unknown L(4)piNγ∗ counterterms,
both electric and magnetic radii can be unambiguously
predicted at leading order, and for the magnetic radii
even the next-to-leading-order corrections are free of un-
known parameters. The leading infrared singularity in
the magnetic radius scales like ∆m/M2pi , the leading elec-
tric and subleading magnetic radius terms like ∆m/Mpi.
A calculation of the isospin violating Pauli (or mag-
netic) form factor up to O(p5) is massively facilitated by
the fact that no two-loop diagrams contribute. This can
be seen as follows:
1. As mentioned in Section III A, the pion mass differ-
ence alone cannot generate charge symmetry break-
ing terms. Therefore, diagrams with two pion loops
would require another (subleading) charge symme-
try breaking vertex or the nucleon mass difference
in order to contribute, which would then, however,
be at least of order p6.
2. Two photon loops are of second order in isospin
breaking and can be disregarded. In addition, it is
easily seen in the heavy-baryon formalism that such
diagrams with only leading-order photon couplings
cannot generate the spin operators necessary for a
magnetic contribution.
FIG. 3: One-photon-loop diagrams with magnetic couplings.
The sum of both diagrams vanishes. (The addition of a
crossed right diagram is implied.)
3. Finally, there might be diagrams with one pion and
one photon loop. The only diagrams that generate
a magnetic structure at O(p5) are of the type (a) in
Fig. 1, with one additional photon loop attached.
However, it can be checked in the heavy-baryon
formulation that the sum of the two diagrams in
Fig. 2 is proportional to the anticommutator of the
two Pauli–Lubanski spin operators stemming from
the pion-nucleon couplings, and therefore it again
only yields a contribution to the electric form fac-
tor. The same mechanism can be checked for all
other possible diagrams.
Furthermore, also one-loop diagrams with isospin-
breaking vertices (other than the nucleon mass difference
insertion) can be ruled out of consideration:
4. Tadpole graphs with isospin breaking couplings fail
to generate infrared singularities proportional to
M−1pi .
5. The third-order pion-nucleon Lagrangian contains
isospin breaking pion-nucleon coupling constants.
However, these affect only the pi0NN coupling,
hence they do not contribute in a type (a) diagram,
while the remaining diagrams in Fig. 1 are sublead-
ing in their contributions to the Pauli form factor
and therefore can only play a role at O(p6).
Finally, the only one-photon loops contributing to the
magnetic form factor are the ones depicted in Fig. 3.
They have no t-dependence up to the chiral order con-
sidered here, and it is easily calculated that their contri-
bution to F2(0) exactly cancels.
Therefore we have proven that the only infrared singu-
lar contributions to the charge symmetry breaking form
factor radii, and all contributions up to O(p4) for the
Dirac and up to O(p5) for Pauli form factor in addition
to the L(4)piNγ∗ counterterms in Eq. (12), are given by nu-
cleon mass difference effects in the diagrams in Fig. 1.
C. Chiral representation of the form factors
In this section, we write down the chiral representa-
tions of the charge-symmetry breaking form factors, the
Dirac form factors to leading order, the Pauli form fac-
tors up to next-to-leading order. We decompose all form
FIGURE 2. Pion loop graphs of Kubis & Lewis. The CSB effect occurs in the mass difference of intermediate nucleon states. 7
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FIG. 4: The two diagrams inv lving ρ–ω ixing that con-
tribute to the isospin breaking form factors. The double lines
denote vector meson propagators, the cross represe ts the
mixing ve tex.
section as follows:
F6 v1 (t)
∣∣∣
mix
= − gωFρΘρω t
MV (M2V − t)2
,
F6 s1 (t)
∣∣∣
mix
= − gρFω Θρω t
MV (M2V − t)2
,
F6 v2 (t)
∣∣∣
mix
= −gωκωFρMV Θρω
(M2V − t)2
,
F6 s2 (t)
∣∣∣
mix
= −gρκρFωMV Θρω
(M2V − t)2
.
(28)
From these, one can easily derive the leading :
κu,dmix =
(
gωκωFρ − gρκρFω
)Θρω
M3V
,
(
ρu,d1
)
mix
=
(
gωFρ − gρFω
)Θρω
M5V
,
(
ρu,d2
)
mix
=
(
gωκωFρ − gρκρFω
)2Θρω
M5V
.
(29)
For the phenomenological discussion, we will be even
more interested in the leading moments of the Sachs form
factors, which are given in terms of the above as
ρu,dE = ρ
u,d
1 +
κu,d
4m2N
,
ρu,dM = ρ
u,d
1 + ρ
u,d
2 .
(30)
In light of the above results, we want to comment on
the claim made earlier that the saturation of coupling
constants by vector meson contributions might work bet-
ter here than for the isospin conserving form factors
considered in Ref. [44]. The reason is that the addi-
tional propagator in the mixing case leads to a higher
power of vector meson masses in the denominators of
the leading moments, Eq. (29). A heavier pair of isovec-
tor and isoscalar vector resonances sufficiently close to
each other in mass to mix, e.g. the ρ(1450) and the
ω(1420) [54], would yield contributions of the same form
as Eq. (29), but suppressed by a higher power of mass
ratios MV ′/MV ≈ 2 than their unmixed contributions to
the conventional form factors.
Finally, we want to comment on the possibility of
isospin violation other than through mixing. In particu-
lar, it is possible to construct a mechanism for “direct”
isospin breaking in the vector-meson–nucleon couplings
in analogy to Eq. (12),
Lu,dV N ∝ Ψ¯ σµν
{
eρ〈V˜µν χ˜+〉+ eω〈Vµν〉χ˜+
}
Ψ ,
which results in the ρ coupling as an isoscalar and the
ω coupling as an isovector to the nucleons. (Analogous
terms with the charge instead of the quark mass matrix
are easily written down.) We disregard this possibility
for the reason that the vector-meson–nucleon coupling
strengths are extracted from dispersive analyses on the
assumption of isospin symmetry (with the exception of
ρ–ω mixing in the isovector spectral function), i.e. the
ω couplings, for instance, are identified as certain pole
strengths in the isoscalar channel. In this way, an isospin
breaking ρ-nucleon coupling would just be taken as part
of the ω resonance, and vice versa.
C. Numerical results
The couplings of the vector mesons to nucleons are
a rather delicate issue and we prefer to rely as directly
as pos ible on d ta rather than on models. To thi
end, we concentrate on values ex racted from disper-
sive analys s of electr magnetic form factors of the nu-
cleon, and disregard values extracted from me on ex-
change models of nucleon-nucleon scattering or pion-
photo-/electropr du tion (see e.g. Refs. [55, 56, 57, 58]).
As it is well known that pure vector meson dominance
does not yield an adequate description of the isovector
spectral function, where the two-pion continuum leads
to a significant enhancement on the left shoulder of the
ρ peak [59], more recent analyses [46, 47, 60, 61] make
use of the full pion form factor plus pipi → NN¯ partial
waves. In order to approximately disentangle the spec-
tral function from Ref. [61] into a non-resonant two-pion
continuum plus a ρ contribution, we follow the method
of Ref. [62] and add a Breit–Wigner parameterization
of the ρ resonance to ither the chiral on -loop or the
two-loop [62] representation of two-pion cut contri-
butions. This decomposition is model dependent, but
probably adequate for a model estimate of low-energy
constants. The different values in Table I give a rather
consistent picture of the ρ-nucleon coupling constants on
an accuracy level of 20–30%. See Appendix B for the
relations between various coupling definitions.
The ω coupling constants are calculated from pure
zero-width resonance pole residues as found in dispersive
analyses. The most noteworthy point about the numbers
in Table II is the sign change in κω in Refs. [47, 63] as
compared to Ref. [46] and other earlier analyses. While
the vector coupling gω seems to be determined consis-
tently (although rather larger than what is inferred from
NN -scattering [55, 56]), the tensor coupling gωκω is not
at all, with not even the sign fixed. This uncertainty in
κω turns out to be by far the dominant uncertainty in
this analysis.
FIGURE 3. Resonance saturation graphs of Kubis & Lewis. The CSB effect occurs in the conversions ρ ↔ ω .
PAPER OF KUBIS & LEWIS [8] -WHAT I OMITTED
Kubis & Lewis KL found terms that I missed in the pion cloud of the nucleon Fig. 2. The CSB effect occu s in the
mass difference of intermediate nucleon states. This small mass difference does not lead to small csb effects because
of a logarithmic divergence in the loop diagram that arises from the use of heavy baryon effective field theory. KL
remove the divergence usi g resonance saturation procedure in which the upper limit of the logarithm is evaluated at
the rho meson mass and the effects of ρ0−ω mixing, Fig. 3, are included. The result of their calculation is that δGM
can be characterized as ∼ 0.02±0.02 for values of Q2 between 0 and 0.3 GeV2 [8]. Such a large range indeed hinders
the extraction of strangeness content or the value of the weak mixing angle.
In the KL calculation the large uncertainty is driven by uncertainty in the strong coupling constants used. KL take
strong coupling constants from dispersion analyses of electromagnetic form factors. A large spread in the ω-nucleon
tensor coupling is obtained, and the vector coupling constant is much larger g2ω/4pi ∼ 150 than typically used in
nucleon-nucleon scattering g2ω/4pi ∼ 10− 20. Is there a scientific way o choose between sets of strong coupling
constants extracted from different processes?
ρ0−ω MIXING IN NN SCATTERING
The nucleon-nucleon potential obt ins a CSB contribution when in its flight from one nucleon to another a ρ0 meson
converts to an ω meson [1]-[4]. This effect gives rise to a medium ranged potential which is of the correct sign and
magnitude to explain the difference between the np and nn 1S0 scattering lengths. When such a potential is used in
nuclear physics it can account for the Nolen-Schiffer anomaly [9, 10]. This effect also yields a CSB Class IV (spin-
orbit) force that was observed in pioneering experiments at TRIUMF and IUCF that compared the analyzing powers
of neutrons and protons. See the review [3].
The use of the KL parameters implies a huge range in the values of the CSB potential in the 1S0 state. The use of
such a range leads to CSB eff cts in sev re d sa reement with bound-state and scatteri g data.
ANOTHERWAY TO DEALWITH SHORT DISTANCE
UNCERTAINTY-RELATIVISTIC CHIRAL PERTURBATION THEORY
One does not have to use the heavy baryon expansion. One may make relativistic calculations [11] to implement
chiral perturbation theory. In that case the CSB contributions of the graphs are finite. One can go further by taking
the intermediate nucleon to be on mass-shell, and then using known pi −N form factors [12]. Preliminary results of
such calculations show that the contributions to δGM are about 0.01 (with a much smaller uncertainty) at small values
of Q2. As expected, the effect is of order (Mn−Mp)/Mp times the contribution of the pion loop graph to the proton
anomalous magnetic moment.
SUMMARY
I used quark model KL used chiral perturbation theory, with the presumption that theory is better than a model.
However, if an unconstrained counter term is needed to evaluate the theory, the theory becomes a model. More
constraints must be implemented to improve either.
I found small < 0.002 CSB effects on electromagnetic form factors in 1998 Kubis & Lewis found a larger
uncertainty of CSB about ∼ 0.02± 0.02 for δGM . However, CSB in NN scattering constrains the strong coupling
constants needed for KL to evaluate the effects of resonance saturation and significantly reduce the CSB effects in the
proton electromagnetic form factors. The actual size of CSB effect is probably pretty small, of the order of 0.1% of
the anomalous magnetic moment. I hope to present more precise numbers soon.
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